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EXPERIMENTAL UNILOBAR PULMONARY EDEMAt
INTRODUCTION
In medical literature there are early accounts of what was probably acute
pulmonary edema. In these early descriptions, however, it was confused
with other catastrophic states manifested by acute cardio-respiratory symp-
toms. It was not until the eighteenth century that Albertini,1 a student of
Malpighi, made the first clinico-pathological correlations. He grouped
chronic pulmonary congestion and pulmonary edema together but differ-
entiated obvious right heart failure, hydrothorax, pneumothorax, and
bronchial asthma. The belief that acute pulmonary edema was but a severe
manifestation of congestive failure prevailed until the late 1930's when
Farber,' Luisada,9 Sir Thomas Lewis,8 and others began to question this
identity. Today, it is suspected by numerous workers that there are funda-
mental differences between acute pulmonary edema and chronic pulmonary
congestion; however, the elements are obscure and often they blend into one
another. The differences which exist may be considered under several
headings:
First, as to cause, the pulmonary congestion seen as part of congestive
heart failure is invariably due to heart disease, whereas acute pulmonary
edema may result from numerous causes other than heart disease-toxic
gases, drowning, uremia, central nervous system disorders, infections,
thyroid storm, and allergy.
Second, in regard to the clinical picture, acute pulmonary edema is
characterized by a very rapid onset and a severely cyanotic individual with
copious, frothy, blood-tinged sputum who usually lacks the hepatic engorge-
ment and peripheral edema which are seen in the patient with congestive
heart failure, in whom also the onset is usually slower and the clinical pic-
ture not as severe. The latter usually makes a slow recovery only after
treatment such as bed rest, digitalis, and mercurials, whereas the acute pul-
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monary edema patient may suddenly and dramatically improve or may die
from asphyxia and shock.
Third, the laboratory findings disclose some differences, in that in acute
pulmonary edema there is seen a lower blood oxygen saturation and the
edema fluid is higher in protein than in congestive heart failure.
Because of the unpredictability of occurrence and severity of the patient's
condition, few physiological observations have been made during actual
attacks of pulmonary edema. Venous pressure is usually found to be high,
and circulation time prolonged. Almost simultaneously with the onset of
pulmonary edema there appears to be a generalized peripheral vasoconstric-
tion associated with a great shift of circulating blood volume from the
systemic circulation into the pulmonary circulation. Concomitantly, there is
a rise in pulmonary vascular pressure. Some observers have felt that the
peripheral vasoconstriction, by forcing excessive amounts of fluid into the
lungs, is the primary event of acute pulmonary edema. As fluid begins to
pour into the alveoli there is a corresponding rise in hematocrit, and some
have claimed a drop in circulating blood volume, although the evidence for
the latter is not clear. The cardiac output drops to very low levels and
anoxia becomes marked, both the anoxic and stagnant types.
There are several areas in which the clinical and experimental data
available today raise questions which remain to be answered.
1. What is the role of pulmonary vascular pressure? Two hundred years
ago Stephen Hales' demonstrated that if water were perfused into the pul-
monary artery, it would immediately appear in the bronchi, even under
very low perfusion pressures. Very little would appear in the pulmonary
veins. Conversely, citrated blood would appear in the veins but not the
bronchi, even under high perfusion pressures. He concluded that the char-
acter of the blood and of the membranes determined the route of the fluid
rather than the pressure.
2. What is the role of anoxia? Anoxia increases capillary permeability,
and Drinker' attaches great importance to this. Certainly after edema has
occurred, there is anoxia, but in the early stages its presence is not certain.
3. What is the role of the autonomic and central nervous systems?
Under general or spinal anesthesia, pulmonary edema is uncommon, usually
coming on, if it does occur, after recovery from anesthesia. Interruption of
the cervical sympathetics or unilateral ablation of the corpora quadrigemina
protects animals against pulmonary edema, and stellate ganglion block will
occasionally protect human patients. Vagotomy, in some instances, will
produce pulmonary edema.
4. What is the role of the pattern of ventilation? Again Stephen Hales
observed that perfused fluid passed more easily from the pulmonary arteries
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into the pulmonary veins when the alveoli were distended than when they
were collapsed. Acute pulmonary edema is uncommon in obstructive
emphysema where the lungs are overdistended.
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FIG. 1. Diagram of the experimental preparation. The left lower lobe pulmonary
venous drainage is controlled by a snare loop, and a pressure recording catheter is in
the pulmonary vein, peripheral to the point of occlusion. A similar arrangement exists,
with snare around, and catheter (not shown) in the pulmonary artery. A ligature (not
shown) secures the left lower lobe bronchus snugly around its cannula.
5. What is the relation between acute pulmonary edema and paroxysmal
nocturnal dyspnea? The latter has some of the characteristics of both pul-
monary edema and congestive failure. Is it a special manifestation of one or
the other, or is it a combination of both?
6. What roles are played by some of the other factors beyond hydrostatic
pressure, such as colloid osmotic pressure, lymphatic flow, and tissue
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pressure.? Rodbard'0 has suggested that in the case of the lung the latter is a
function of intra-alveolar pressure, and possibly variations in this can occur
by virtue of "atrial sphincters" producing trapping of air.
Extensive attempts have been made to study pulmonary edema by
producing it experimentally in animals. Considerable species variation has
been found. One of the methods which has been employed in the dog is the
intravenous administration of normal saline solution. Volumes required
have been such that, translated to a 70-kilogram human, 10 liters in five
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FIG. 2. Experiment 9. Showing the changes occurring in left lower lobe pulmonary
vein pressure (PV,) and left lower lobe tidal volume (LLL TV) under conditions of
the experiment.
B.P.-femoral blood pressure.
PAp-left lower lobe pulmonary artery pressure.
Total T.V.-tidal volume of the remainder of the lung lobes.
Note the change in scale for PVp between B and C.
A. 12:45 p.m.-a baseline with lobar artery and vein occluded.
B. 12:52 p.m.-after infusion of 40 cc of blood into lobe via the pulmonary arterial
cannula.
C. 12:54 p.m.-after 70 cc infusion. (Note change in PVp scale.)
D. 12:58 p.m.-after 130 cc infusion LLL TV reduced by one half in the presence
of minimal change in total T.V.
E. 1:02 p.m.-after 170 cc infusion, showing final complete loss of LLL TV.
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hours is the least quantity to produce pulmonary edema.7 This degree of
overhydration results in significant lowering of the hematocrit. Other
methods of experimental production include severe degrees of intracranial
trauma, as a result of which pulmonary edema may occur, often as the pre-
lude to a fatal issue. To study the disorder as brought about by acute left
heart failure, avulsion of aortic valve leaflets has been employed. Avulsion
of one leaflet frequently causes pulmonary edema, but avulsion of two
results in sudden death of the animal. Additional methods employed have
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FIG. 3. Experiment 9. Graphic interpretation of experiment. Abbreviations same as
in Figure 2. Under PVp, the upper line is the highest and the lowest line is the lowest
value during a given pressure determination.
been the use of substances such as ANTU, ammonium ion, phosgene gas,
or the injection of rather large doses of adrenalin.
It is apparent that most of the means available for the experimental
production of pulmonary edema involve a severe degree of interference
with vital processes, which means often that the short survival of the animal
limits the number of studies possible. An objection to the saline overload
pulmonary edema production is that it is only questionably comparable to
the pathological state as it occurs in the human.
To eliminate some of these objections the present report describes an
attempt to produce pulmonary edema in a single lung lobe of an otherwise
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intact dog and to study the alterations in physiology associated therewith.
It is believed that the lobe under observation represents pulmonary tissue
with relatively intact innervation and bronchial arterial blood supply. It
was hoped that studies on the unilobar level would permit a more clear-cut
picture of the effect of alterations in vascular pressure and flow upon the
aeration of lung tissue.
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FIG. 4. Experiment 10. Abbreviations the same as in Figure 2.
A. Baseline
B. 8 minutes after PV occlusion.
C. 12:35 p.m. 8 minutes after PA occlusion.
D. 12:46 p.m. After infusion of 20 cc blood.
E. 12:40 p.m. After 120 cc.
F. 12:52 p.m. After 240 cc.
G. 12:55 p.m. After 360 cc.
H. 12:59 p.m. After 450 cc. LLL TV markedly decreased.
I. 1:03 p.m. After 460 cc. Further decrease.
METHOD
The experiments were acute in nature and were carried out on large dogs anes-
thetized with Nembutal. Tracheotomy was performed as the first step and a positive
pressure apparatus was connected to maintain respiration during operation. Via a left
thoracotomy the artery, veins, and bronchus of the left lower lobe were identified.
Snare loop cannulae were prepared which would permit occlusion and release of
vessels from outside after closure of the chest.' One of these was placed around the
right lower lobe artery and one around the vein or veins (Fig. 1). Fine polyethylene
cannulae for pressure recording were led into the lobe, one via the artery and one via
the vein, in such a manner that they were not compressed by occlusion of the snare
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loops. A cannula was passed down the trachea into the left lower lobe bronchus where
it was secured in an air tight manner by an encircling ligature. A metal cannula was
passed through an interspace for pleural pressure measurement and then the thora-
cotomy wound carefully closed in layers. The positive pressure apparatus was dis-
connected and recordings begun. The left lower lobe cannula was connected to a small
Krogh spirometer, and a spirogram of the remainder of the lobes obtained by a bell
spirometer. The lobar artery and vein catheters were connected to a Hathaway multi-
channel inductance-type pressure recorder for measurement of intravascular pressures.
The same apparatus was used to record intrapleural pressure and femoral arterial
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FIG. 5. Experiment 10. Graphic interpretation of experiment. Legends as in Figure 2.
pressure. Baseline readings were taken and then the lobar artery and vein snare loops
separately tightened, occluding the respective vessels. After the animal had adjusted to
these manipulations, femoral arterial blood was collected in a Fenwal (R) plastic bag
containing acid-citrate-dextrose as anticoagulant. This manner of collection avoids
contact of the blood with room air. With the lobar artery and veins occluded, this
blood was then infused into the left lower lobe via the pulmonary arterial catheter, the
tip of which lay distal to the point of occlusion by the snare cannula. This meant that
the only egress of blood from the lobe that could occur was a small amount via bron-
chial veins. The tip of the lobar pulmonary vein catheter lay distal to the point of
occlusion by the venous snare, thus permitting measurement of the pressure levels
reached during infusion into the sequestrated lobe. Infusion was continued until changes
in the left lower lobe spirogram suggested a significant degree of diminution of the
tidal exchange. Attention was directed to the correlation of these changes in the lobar
tidal volume with the pulmonary vein pressure.
The experiments were terminated by exsanguination and post-mortem examination
was carried out to ascertain correct placement of the cannulae and snare loops.
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Matched portions of right and left lower lobes were submitted for histological examina-
tion. It is believed that in a lobe prepared in this manner, the neural and bronchial
arterial supply remains largely intact.
RESULTS
No consistent changes in the ventilatory pattern of the left lower lobe
occurred from simple occlusion of lobar artery or vein in varying combina-
tions. Infusion of fresh blood into the artery, however, with the vein
occluded almost uniformly resulted in changes in the respiratory pattern,
namely, a gradual diminution in the tidal exchange, progressing to complete
TABLE 1. PULMONARY VENOUS PRESSURE (PVP) LEvELS AT
WHICH PULMONARY EDEMA OCCUMRED
PV2,*
Experiment No. mmHg
8 24/18
14 12/12
20 20/0
22 26/?
26 24/4
12 40/20
13 40/18
17 40/32
18 40/12
9 65/45
10 60/40
* Pressures expressed as highest valve in each tracing over lowest.
suppression of this exchange if large amounts of blood were infused (Figs.
2-5). Often during the infusion an acceleration of the animal's respiratory
rate would occur, the implication being that neural connections to the lobe
were intact, permitting a reflex tachypnea to occur (Churchill-Cope
Reflex).'
Interest centered upon the levels to which pulmonary vein pressure would
rise under conditions of this experiment since little is known of the exact
relationships between intrapulmonary vascular pressures and the develop-
ment of pulmonary edema. To accomplish this an arbitrary degree of
diminution of lower lobe tidal volume was selected as that point at which
pulmonary venous pressures would be compared. It was believed that a
reduction of tidal volume by one half of baseline value would be comparable
with a significant degree of clinical pulmonary edema. A comparison was
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made among the various experiments of the intralobar venous pressure
reached at that point when lobar tidal volume had been reduced to one-half
of its baseline value. Table 1 shows these comparisons. The vascular
pressures are expressed in terms of millimeters of mercury, with the highest
value during a given pressure tracing over the lowest.
To be certain that the changes in the left lower lobe spirogram were not
merely secondary to any over-all changes in the animal's respirations, the
respiratory pattern of the remainder of the lobes was observed as measured
by the bell spirometer. Intrapleural pressure recordings during the course of
the experiment did not reveal changes of significance, although in some
instances respirations became more labored during the induced vascular
congestion of the left lower lobe, and this was reflected in greater negative
pressure during inspiration.
The sequence of events was of interest in that as increments of blood
were infused into the lobe, rather high pressures were reached before any
pulmonary edema became manifest, but then, with the beginning of marked
diminution of lobar tidal exchange, the lobar venous pressure would drop.
The histological sections showed consistently interstitial and intra-
alveolar edema and hemorrhage, varying with the amount of blood infused.
In some experiments infusion into the lobe was continued to a point where
respiratory exchange ceased completely, and in these the histological picture
was more extreme.
DISCUSSION
It is believed that this series of experiments represents a small fraction of
what may be learned from the study of pulmonary edema on the unilobar
level. The results are of interest in two regards. First of these is the figure
for the height of pulmonary vascular pressure reached during the experi-
ments before significant pulmonary edema occurred, as herein defined.
Figures of 40 to 60 mm of mercury, as found in some of these experiments,
are somewhat higher than others have stated for the development of
pulmonary edema.
Second, it is of interest to note that there is no constancy of the lobar
venous pressure levels at which edema occurs. In some experiments it
appeared in the 20 mm Hg range, whereas in others, levels of 40 or 60 were
required (Table 1). This finding suggests corroboration of the viewpoint
of Altschule' and others that pulmonary edema is not purely a function of
pulmonary venous pressure, but that other factors are operative, such as
lymphatic flow, and possibly changes in intra-alveolar pressure. Rodbard
has discussed the possible significance of the latter.'0
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An additional possibility which presents itself is that the rather large
volumes of blood which the lobe can accommodate before edema occurs is
a function of expansion of the infused lobe at the expense of the others. No
confirmation of this possibility is available at present.
These experiments point the way toward more detailed studies which are
currently in progress concerning the exact manner in which vascular con-
gestion alters the respiratory dynamics of the lobe. What is the relative
degree of impairment of inspiration versus expiration? What changes in
pulmonary compliance occur under conditions of this experiment? These
are questions which remain to be answered.
SUMMARY
1. A series of experiments is described wherein pulmonary congestion
and/or edema are studied in a single lobe of a relatively intact dog.
2. This lobar hypervolemia is produced by infusion of blood into a lobe,
the arterial inflow and venous outflow of which are occluded.
3. Rather high levels of pulmonary venous pressure may be reached
before pulmonary edema occurs.
4. There is not a constant relationship between pulmonary venous
pressure and the development of edema under the conditions of the
experiment.
5. It is suggested that the findings lend support to the concept that
pulmonary edema should not be considered entirely in terms of left ventricu-
lar failure and changes therefrom in pulmonary venous pressure.
6. The direction of further studies is mentioned.
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